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Abstract
Decadal forecasts of the Max Planck Institute – Earth System Model (MPI-ESM) are validated against
ERA-Interim reanalysis data for the period 1979 to 2012 over Europe with respect to (a) the medians of
500 hPa temperature, 925 hPa temperature and 925 hPa mixing ratio, and (b) the 90th percentiles of parameters
that are relevant for convective storms. These parameters are the vertical temperature gradient between
850 and 500 hPa, the low-level mixing ratio (25 hPa above the local model topography), and Convective
Available Potential Energy (CAPE). The MPI-ESM evaluation reveals very little bias for the median 925 hPa
temperature but a pronounced negative bias for the median 500 hPa temperature. Besides, a positive bias
of the median 925 hPa moisture is found. The 90th percentiles of the convective parameters exhibit positive
biases of the vertical temperature gradient and the low-level mixing ratio, which results in an overestimation
of CAPE. It is hypothesized that MPI-ESM’s convective parameterization scheme is reluctant in dissipating
CAPE across Europe, often leaving the atmosphere in a state that appears too favorable for convective storms.
Biases for convective parameters are slightly larger for an enhanced resolution of MPI-ESM. A categorization
with respect to forecast years indicates that these biases mostly result from a systematically deviant model
climatology. However, a considerable part of the 500 hPa temperature bias is also introduced by the initial
conditions. ERA-Interim shows an increase of low-level moisture over most parts of Europe in the past three
decades, in particular after 1990. Steep vertical temperature gradients became less frequent in northwestern
Europe and more frequent in southeastern Europe. The 90th percentile of CAPE exhibits little evolution
in northwestern Europe, where these two changes largely compensate each other, whereas it increases in
southeastern Europe, where they add up. MPI-ESM seems able to reproduce some of these tendencies, but
not regional structures.
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1 Introduction
Convective storms can produce severe weather events
such as hail, strong wind gusts, tornadoes, or flash
floods. These phenomena are estimated to cause an av-
erage material damage of 5–8 billion Euro per year in
Europe (Sander, 2011), comparable to that inflicted by
large-scale winter storms (MunichRe, 2006). It is there-
fore of high interest to predict and monitor the occur-
rence frequency of these extremes on a multi-annual and
decadal basis.
Due to the rare occurrence of severe thunderstorms
at any given location, observational data from routine
weather station networks give an incomplete picture of
their true frequency. An alternative approach is the col-
lection of event-based information on severe weather in-
stances in databases like Storm Data (Schaefer and Ed-
wards, 1999) or the European Severe Weather Database
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(Dotzek et al., 2009). However, the varying reporting
rate across different times and countries still imposes
high challenges on the creation of transnational severe
storm climatologies. Artifacts by changes in reporting
procedures obscure meteorological signals and trends,
as shown, e.g., for tornadoes in the United States (Ver-
bout et al., 2006) and particularly in Europe (Dotzek,
2003; Groenemeijer and Kühne, 2014). For example,
an improving report procedure could give the false im-
pression that the frequency of severe weather would in-
crease.
A way to minimize the presence of non-meteorologi-
cal artifacts is to identify covariates: meteorological
quantities that are observed, analyzed or predicted con-
sistently in space and time, and that can be used to
estimate the probability that the event of interest oc-
curs (Brooks et al., 2003). Such covariates may be
parameters computed from radiosonde measurements
(Kunz et al., 2009; Mohr and Kunz, 2013), or objec-
tively classified weather patterns from model data (e.g.,
Kapsch et al., 2012). More often, the covariates are grid-
scale variables that serve as proxies for the occurrence of
© 2016 The authors
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subgrid-scale phenomena. Naturally, the success of this
approach depends on whether such proxies can be found
and whether a numerical model can simulate them accu-
rately.
Various authors found high Convective Available Po-
tential Energy (CAPE) and strong 0–6 km vertical wind
shear (deep-layer shear) to characterize environments
conducive to severe convective storms (e.g. Rasmussen
and Blanchard, 1998; Craven and Brooks, 2004).
Brooks et al. (2003) first computed these two prox-
ies from the global NCAR/NCEP reanalysis dataset
(Kalnay et al., 1996) to assess the global climatol-
ogy of conditions favorable to severe storms. Brooks
and Dotzek (2008) performed a temporal analysis of
the frequency of such conditions across the central and
eastern USA and identified a weak decrease till the
early 1970s and a weak increase thereafter. Marsh et al.
(2007) compared a similar severe storm proxy for a 20-
year dataset of a CCSM3 climate hindcasts (Collins
et al., 2006) and NCAR/NCEP reanalyses across the
contiguous USA and found a good qualitative agreement
with the climatology derived by Brooks et al. (2003).
Several authors also applied proxies based on CAPE
and deep-layer shear to climate models (e.g. Trapp et al.
2007; Trapp et al. 2009; Van Klooster and Robber,
2009). Their area of study was the contiguous USA.
These studies largely agree on an expected increase in
the frequency of favorable severe thunderstorm condi-
tions until the end of the 21st century, which is caused
by a predicted moistening of the lower troposphere and
resulting higher CAPE, whose effect overcompensates a
predicted reduction of deep-layer shear. Diffenbaugh
et al. (2013) recently demonstrated that high-CAPE sit-
uations would not be affected by this decrease of deep-
layer shear. A more frequent combined occurrence of
high CAPE and strong deep-layer shear, despite a gen-
eral decrease of the latter, was also brought forward by
Del Genio et al. (2007).
Similar studies for Europe are comparably sparse.
In their worldwide comparison of the frequency of
severe storm conditions based on NCAR/NCEP re-
analyses, Brooks et al. (2003) found the highest se-
vere storm risk in Europe for Spain and for the west-
ern Balkan states. Investigations with the CCSM3 model
and NCAR/NCEP reanalyses exhibited weak changes in
the overall distributions of either CAPE or deep-layer
shear over much of Europe from the 20th to the 21st cen-
tury (Marsh et al., 2009). A study by Sander (2011)
with the COSMO-CLM regional climate model (Böhm
et al., 2006) showed an expected increase of mean CAPE
from the late 20th to the late 21st century. Eccel et al.
(2012) considered trends of convective parameters at se-
lected grid points in the ERA-40 reanalysis.
In the present study, we are concerned with climate
forecasts on a shorter, decadal timescale. Decadal pre-
dictions are still a relatively new field of climate fore-
casts. They are challenging because inter-decadal vari-
ations are mainly driven by high-frequency variability
whose more or less stochastic nature often defies pre-
dictability (Latif, 2011; Liu, 2012). It obscures low-
frequency variability (e.g., multi-decadal trends) or ef-
fects resulting from external forcing (e.g., an anthro-
pogenic influence on greenhouse gas concentrations)
from which predictability of the climate system mainly
arises (Meehl et al., 2009; Latif and Keenlyside,
2011). Nonetheless, some aspects of observed decadal
variability can already be reproduced by state-of-the-art
climate models, which raises hopes that decadal vari-
ations may be partly predictable (Smith et al., 2007;
Keenlyside and Ba, 2010; Pohlmann et al., 2013).
This study is a first step in developing proxies for
the occurrence of severe thunderstorm hazards using the
decadal predictions based on the Earth System Model of
the Max Planck Institute in Hamburg (MPI-ESM; Gior-
getta et al., 2013; Stevens et al., 2013). The aim of
the present study is to perform a validation of quantities
upon which such a proxy will depend, i.e. temperature
and moisture. These quantities and the derived proxies
are validated against a reanalysis dataset that was devel-
oped with the intention to represent the atmosphere as
consistently as possible with all available observations
using state-of-the-art data assimilation techniques. Sim-
ilar comparisons of the model climate of a GCM with
reanalysis datasets have recently been undertaken by
Brands et al. (2013), Devis et al. (2014) and Jury et al.
(2015). We favor the validation with respect to reanaly-
sis data over one that uses actual observations, since the
comparison of two gridded data sets is more straight-
forward than the comparison of point measurements to
grid-box averages (Sander, 2011; Graf et al., 2011).
This is true in particular for horizontally strongly vary-
ing fields and for lower model resolutions.
2 Data and methods
2.1 Data
Our study is based on decadal hindcasts provided by
MPI-ESM (Pohlmann et al., 2013). The “baseline 1”
version of MPI-ESM used for this study is initial-
ized with temperature and salinity anomalies from the
ORAS4 ocean reanalysis system (Balmaseda et al.,
2012) and with atmospheric anomalies from ERA-40
(Uppala et al., 2005) and ERA-Interim reanalyses (Dee
et al., 2011). The initialization of MPI-ESM results in
improved forecast skill in the Northern Atlantic and Eu-
ropean region compared to uninitialized reference runs
(Müller et al., 2012).
Ten “low resolution” (LR) runs and five “mixed res-
olution” (MR) runs of MPI-ESM initialized each year
were analyzed for this study. The MR and LR members
have different resolutions of the ocean (0.4 ° × 0.4 ° L40
and 1.5 ° × 1.5 ° L40, respectively) and the atmosphere
(T63L95 and T63L47, respectively). The finer resolu-
tion improves the forecast of the quasi-biennial oscilla-
tion and of the surface air temperature over the tropi-
cal Pacific Ocean (Pohlmann et al., 2013). Ensemble
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Figure 1: Subdomain of ten central European countries (Belgium, the Netherlands, Luxemburg, Germany, Poland, the Czech Republic,
Slovakia, Hungary, Austria and Slovenia) to which the areal averages relate which are illustrated in Figs. 3 and 5 and described in the text.
spread in the MPI-ESM decadal hindcasts is created by
initializing the model on consecutive days around 1 Jan-
uary each year. With ten LR and five MR runs for each
starting year and a forecast horizon of ten years, a total
of 150 realizations are available for each target year. We
evaluate the years from 1971 to 2012.
The 6-hourly output of MPI-ESM is validated against
ERA-Interim reanalyses (Dee et al., 2011), which are
available since 1979 at a temporal resolution of 6 hours,
a spatial resolution of 0.75 ° × 0.75 ° and a vertical res-
olution of 37 pressure levels. The data assimilation pro-
cedure of ERA-Interim ensures that the final reanalysis
fields closely reproduce the observational data as long
as these fulfill the prescribed error statistics. The result-
ing root mean square distance between the temperature
at levels around 500 hPa measured by radiosondes and
reanalyzed in ERA-Interim was shown to be generally
below 1.5 K (Dee et al., 2011). We are not aware of any
direct comparison between ERA-Interim and radiosonde
data with respect to convective parameters and take as a
working hypothesis that ERA-Interim is the best possi-
ble approximation of the truth. We will therefore refer
to any deviations of MPI-ESM from ERA-Interim as bi-
ases.
2.2 Methods
Our comparison of MPI-ESM runs with ERA-Interim
is divided into two parts. First, we investigate three
basic quantities: the 500 hPa temperature (T500), the
925 hPa temperature (T925), and the 925 hPa mixing ra-
tio (MR925). For these parameters, we compute annual
medians (p50).
Second, we compare quantities that directly influ-
ence the probability of convective storms. The most
common such parameter is the Convective Available Po-
tential Energy (CAPE):
CAPE = g
EL∫
LFC
Tv − Tv
Tv
dz
LFC is the level of free convection (where a theoretically
lifted air parcel first becomes positively buoyant), EL the
equilibrium level (where it becomes cooler than its sur-
roundings again), and g the gravitational acceleration.
Two conditions have to be met so that the virtual temper-
ature Tv of a rising parcel becomes higher than the en-
vironmental virtual temperature Tv and positive CAPE
results. First, the vertical gradient of Tv needs to be at
least steeper than the moist-adiabatic lapse rate. Second,
sufficient moisture at low levels needs to be available to
allow condensation and latent heat release in the rising
parcel. These prerequisites, or “ingredients” can evolve
mostly independently from each other and be brought
together by synoptic processes (Doswell et al., 1996;
Markowski and Richardson, 2010). We compute the
“low-level mixing ratio” (LLMR) by the mixing ratio
value at 25 hPa below the local surface pressure and the
“lapse rate” (LARA) by the vertical temperature gradi-
ent between 850 and 500 hPa.
Since thunderstorms typically occur when these pa-
rameters have values well above their respective clima-
tological median values (Brooks et al., 2003; Marsh
et al., 2009; Brooks, 2013), we study the 90th per-
centiles of their annual distributions (p90). For a smaller
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area of ten central European countries (Fig. 1), we also
analyze MPI-ESM LR and MR hindcasts separately to
investigate the effect of model resolution, and we evalu-
ate the 1st, 2nd to 5th, and 6th to 10th forecast years sepa-
rately to assess a potential benefit from the initialization
of the model with observational data, as suggested by
Goddard et al. (2013). Across this sub-domain, the cov-
erage of severe weather observations in ESWD may be
sufficiently high since 2006 to eventually enable a vali-
dation of severe storm frequency predictions on decadal
timescales as follow-up work to the present study.
CAPE is computed from vertical temperature and
humidity profiles interpolated to 1 hPa resolution, and
a computed virtual temperature curve of lifted parcels
using a numerical integration with steps of 1 hPa. The
CAPE version used in our analysis is the maximum
value of CAPE for a number of parcels that originate
from different source layers (“most unstable CAPE”).
The lowest layer is set at 25 hPa below the model’s sur-
face pressure, i.e. approximately 250 m above the earth’s
surface. This shift ensures that very shallow near-surface
layers, which are often not representative for a storm’s
inflow (Craven et al., 2002), are discarded. Additional
source layers are located every 25 hPa up to 700 hPa
in order to consider layers of potentially buoyant air at
higher altitudes, which can still act as a source for el-
evated convection. Besides our study, the same set of
convection parameters was also used to find a proxy
for thunderstorm occurrence from EUCLID lightning
data and ERA-Interim reanalyses (Westermayer et al.,
2016).
3 Results
3.1 Comparison of temperature and moisture
For p50_T500 (Fig. 2.a and 2.b), MPI-ESM exhibits
a pronounced negative bias on the order of 1.5 to
2 K. Apart from that, it is able to represent the aver-
aged structures superimposed onto the zonal gradient,
namely a weak thermal trough from southeastern Eu-
rope into western Russia and an opposed weak ther-
mal ridge over western Europe, though the axis of
the latter is shifted a few hundred kilometers to the
east. p50_T925 (Fig. 2.c and 2.d) matches fairly well,
since only minor biases, with a magnitude below 1 K,
are confined to some regions over southeastern Europe
(positive) and over France and the Iberian Peninsula
(negative). Smaller-scale structures like weak thermal
ridges over the North Sea and the Baltic Sea and a
thermal trough in-between over Norway and Sweden
can be found both in ERA-Interim and MPI-ESM. For
p50_MR925 (Fig. 2.e and 2.f), MPI-ESM exhibits a pos-
itive bias around 0.2 g/kg over much of Europe. A land-
sea-contrast, with higher MR925 values over land, is
more pronounced in ERA-Interim than in MPI-ESM in
the Mediterranean region.
Averaged over the central European sub-domain and
categorized with respect to model resolution and fore-
cast time (Fig. 3), MR runs perform slightly worse than
LR runs for p50_T500 (MR bias: −1.92 K; LR bias:
−1.81 K) and slightly better for p50_T925 (MR bias:
+0.07 K; LR bias: +0.13 K). There is hardly any differ-
ence for p50_MR925 (MR bias: +0.37 g/kg; LR bias:
+0.36 g/kg).
Interestingly, MPI-ESM does not exhibit larger bi-
ases with longer forecast times for p50_T500 (year 1
bias: −1.86 K; year 2–5 bias: −1.86 K; year 6–10 bias:
−1.81 K), which indicates that the model initialization
has no positive impact in this case. In contrast, the bias
initially rises with increasing lead times for p50_T925
(year 1 bias: +0.06 K; year 2–5 bias: +0.17 K; year
6–10 bias: +0.12 K) and for p50_MR925 (year 1 bias:
+0.31 g/kg, year 2–5 bias: +0.37 g/kg; year 6–10 bias:
+0.36 g/kg). This suggests that the model initialization
adds skill to the 925 hPa forecast fields, since the ris-
ing bias indicates a drift from the model’s initial state
towards its preferred internal climatology (Goddard
et al., 2013). The magnitude of the biases is largest in the
1980s for p50_T500 and in the 1990s for p50_T925 and
p50_MR925, while it is smallest in the 2000s for each
of these quantities (Fig. 3.b, 3.d and 3.f, respectively).
3.2 Comparison of convective parameters
Fig. 4 compares p90_LARA, p90_LLMR and p90_
CAPE computed from ERA-Interim reanalyses and
MPI-ESM hindcasts. A positive p90_LARA bias of
MPI-ESM amounts to 0.2 K/km across most of Europe
and is qualitatively consistent with the negative bias that
was found for p50_T500. For p90_LLMR, MPI-ESM
matches well with ERA-Interim over much of the conti-
nent but is affected by a negative bias over the Mediter-
ranean region and the Black Sea. Interestingly, this is
contrary to the positive bias for p50_MR925 identified
in the previous sub-section; though LLMR and MR925
are not exactly the same quantities, the contrasting be-
havior of these different percentiles suggests that the an-
nual cycle of near-surface moisture is smaller in MPI-
ESM than in ERA-Interim. The combination of a pos-
itive p90_LARA bias with hardly any p90_LLMR bias
results in a positive bias of p90_CAPE across most ar-
eas. Relative to the CAPE magnitude, its differences are
generally larger for higher geographical latitudes, which
experience a less frequent occurrence of high-CAPE sit-
uations. Along some coastal areas of the Mediterranean
and Black Sea as well as in western Norway, however,
the p90_CAPE bias vanishes or is negative.
Fig. 5 categorizes the spatially averaged MPI-ESM
biases of convective parameters over the central Euro-
pean sub-domain with respect to model resolution and
different lead times. The MR runs reveal higher (i.e.
“more convective”) values, and therefore larger posi-
tive biases, than the LR runs for all three convective pa-
rameters. The MR and LR biases amount to +0.20 and
+0.17 K/km for p90_LARA, to +0.26 and +0.19 g/kg for
p90_LLMR, and to +283 and +250 J/kg for p90_CAPE,
respectively. This inferior performance of the MR mem-
bers contrasts with the commonly expected increase of
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Figure 2: Medians for the period 1979–2012: (a.) and (b.) 500 hPa temperature [°C] in ERA-Interim and MPI-ESM. (c.) and (d.) 925 hPa
temperature [°C] in ERA-Interim and MPI-ESM. (e.) and (f.) 925 hPa mixing ratio [g/kg] in ERA-Interim and MPI-ESM. Areas where the
925 hPa level is below the respective model topography are left white.
forecast skill by a higher resolution of MPI-ESM or sim-
ilar climate models (e.g. Pohlmann et al., 2013, and
references therein).
With respect to forecast time, biases of p90_LARA
are almost constant (year 1 bias: +0.19 K/km; year 2–5
bias: +0.18 K/km; year 6–10 bias: +0.18 K/km), while
an increase with longer lead times can be noted for
p90_LLMR (year 1 bias: +0.16 g/kg; year 2–5 bias:
+0.22 g/kg; year 6–10 bias: +0.23 g/kg) and conse-
quently also for p90_CAPE (year 1 bias: +253 J/kg; year
2–5 bias: +265 J/kg; year 6–10 bias: +261 J/kg). The
initialization of the model apparently adds forecast skill
for p90_LLMR, while the pronounced positive bias of
p90_LARA seems to be imported from the initializa-
tion fields (similar to the too low values of p50_T500).
Categorized by decades, the bias is largest in the 1980s
for p90_LARA and in the 1990s for p90_LLMR and
p90_CAPE, while again it is smallest in the 2000s for
all three convective parameters (Fig. 5.b, 5.d and 5.f, re-
spectively).
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Figure 3: Annual medians averaged over the central European sub-domain from Fig. 1. (a.) Annual medians of 500 hPa temperature [°C] in
ERA-Interim (black), MPI-ESM LR (blue for ensemble median and shaded blue for ensemble spread) and MPI-ESM MR (red for ensemble
median and shaded red for ensemble spread). (b.) Decadal box-and-whisker plot of annual medians of 500 hPa temperature [°C] in ERA-
Interim (black) and MPI-ESM for the forecast years 1 (blue), 2–5 (pink) and 6–10 (red); the boxes are delimited by the respective 25th,
50th and 75th percentiles, 10th and 90th percentiles are indicated by the whiskers, outliers are shown as crosses. (c.) as (a.), but for 925 hPa
temperature [°C]. (d.) as (b.), but for 925 hPa temperature [°C]. (e.) as (a.), but for 925 hPa mixing ratio [g/kg]. (f.) as (b.), but for 925 hPa
mixing ratio [g/kg].
3.3 Interdecadal changes of convective
parameters
Changes of the 90th percentiles of the convective pa-
rameters from the period 1981–1990 to the period
1991–2000 are illustrated in Fig. 6. According to ERA-
Interim, a rise of p90_CAPE by up to 200 J/kg oc-
curred over the eastern Mediterranean Sea, Turkey,
the Aegean Sea, Greece, Bulgaria, parts of Romania
and the Black Sea (Fig. 6.e), where both p90_LARA
(Fig. 6.a) and p90_LLMR (Fig. 6.c) increased. In con-
trast, the western and central Mediterranean region
as well as western Russia experienced a negative in-
terdecadal change of p90_CAPE by up to 300 J/kg,
which mostly resulted from a decrease of p90_LLMR
under neutral or even positive trends of p90_LARA.
In southern France, negative trends of p90_LLMR
and p90_LARA also resulted in a negative trend of
p90_CAPE. Otherwise, analyzed changes were of mi-
nor importance.
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Figure 4: 90th percentiles for the period 1979–2012: (a.) and (b.) 850 to 500 hPa lapse rates [K/km] in ERA-Interim and MPI-ESM. (c.) and
(d.) mixing ratio [g/kg] 25 hPa below the surface pressure in ERA-Interim and MPI-ESM. (e.) and (f.) CAPE [J/kg] in ERA-Interim and
MPI-ESM.
In the MPI-ESM simulations, interdecadal changes
of p90_LARA were neutral to slightly negative (Fig. 6.b)
and those of p90_LLMR slightly positive (Fig. 6.d). As
a result, slightly higher p90_CAPE was simulated in the
1990s over the Iberian Peninsula as well as over Belarus,
the Ukraine and Russia, while it was similar to the 1980s
elsewhere (Fig. 6.f).
The interdecadal changes from the period 1991–2000
to the period 2001–2010 show a remarkably dif-
ferent behavior (Fig. 7). According to ERA-Interim,
p90_CAPE increased over almost the entire continent
(Fig. 7.e). This increase often exceeded 100 J/kg from
the Alpine region south- and eastward, provoked by
positive changes of both p90_LARA (Fig. 7.a) and
p90_LLMR (Fig. 7.c). A similar, albeit weaker, be-
havior can be seen over the British Isles. Across
the northern half of Europe, changes of p90_LARA
were smaller or even regionally negative, but partic-
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Figure 5: Annual 90th percentiles averaged over the central European sub-domain from Fig. 1. (a.) Annual 90th percentiles of 850 to 500 hPa
lapse rates [K/km] in ERA-Interim (black), MPI-ESM LR (blue for ensemble median and shaded blue for ensemble spread) and MPI-ESM
MR (red for ensemble median and shaded red for ensemble spread). (b.) Decadal box-and-whisker plot of annual 90th percentiles of 850 to
500 hPa lapse rates [K/km] in ERA-Interim (black) and MPI-ESM for the forecast years 1 (blue), 2–5 (pink) and 6–10 (red); the boxes are
delimited by the respective 25th, 50th and 75th percentiles, outliers are shown as crosses. (c.) same as (a.), but for the mixing ratio [g/kg]
25 hPa below the surface pressure. (d.) same as (b.), but for the mixing ratio [g/kg] 25 hPa below the surface pressure. (e.) same as (a.), but
for CAPE [J/kg]. (f.) same as (b.), but for CAPE [J/kg].
ularly strong increases of p90_LLMR still resulted in
rising p90_CAPE. Negative interdecadal changes of
p90_CAPE are confined to northeastern Spain (Cat-
alonia), Malta and surroundings, and parts of Turkey,
mostly driven by a decrease of p90_LLMR.
In the MPI-ESM simulations, p90_LARA decreased
over much of Europe from the 1990s to the 2000s
(Fig. 7.b) while p90_LLMR increased everywhere, most
strongly in the Mediterranean region and southwest-
ern Europe with values around 0.3 g/kg (Fig. 7.d). In-
creases of p90_CAPE mostly amounted to values be-
tween 20 and 50 J/kg (Fig. 7.f), indicating that the posi-
tive changes of p90_LLMR overcompensated the nega-
tive changes of p90_LARA.
Jointly, Figs. 6 and 7 reveal some interesting re-
sults. The interdecadal changes simulated by MPI-ESM
are weaker and exhibit coarser spatial patterns than
those derived from ERA-Interim. The changes in ERA-
Interim from the 1980s to the 1990s are not reproduced
at all by MPI-ESM for any of the convective parameters.
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Figure 6: As Fig. 4, but for the changes of the 90th percentiles from the decade 1981–1990 to the decade 1991–2000.
The changes from the 1990s to the 2000s are obviously
better predictable, and the ERA-Interim and MPI-ESM
signals match at least qualitatively well. ERA-Interim
and MPI-ESM show strong indications that p90_CAPE
increased after the year 2000 despite the fact that lapse
rates became less steep, because the effect of increasing
low-level moisture dominated.
An important question is if any of these trends in
ERA-Interim reflect what happened in the real atmo-
sphere, or if these are attributable to changes of the mea-
surement equipment used to collect assimilated data. For
instance, changes in radiosonde equipment have taken
place in Germany between 2003 and 2005, when the
Vaisala RS80 was replaced by the Vaisala RS92 sen-
sor. Although this change has had only minor effects
on temperature measurements (Pattantyús-Ábrahám
and Steinbrecht, 2015), an increase in lower tropo-
sphere moisture observed in German radiosonde data
around that time (Mohr and Kunz, 2013) may, wholly
or in part, be caused by these equipment changes. One
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Figure 7: As Fig. 6, but for the changes of the 90th percentiles from the decade 1991–2000 to the decade 2001–2010.
may expect that reanalysis data such as ERA-interim are
to some extent impacted by such changes and it could be
that the increases of p90_LLMR and p90_CAPE from
the 1990s to 2000s can be partly attributed to this.
Unlike in the MPI-ESM simulations, the sign of
both interdecadal changes is identical only over a lim-
ited number of regions in ERA-Interim. For exam-
ple, p90_CAPE decreased twice only over northeastern
Spain and to a lesser extent over Tunisia and Malta,
and it increased twice only over the Black Sea and sur-
roundings and, more locally, in the Alpine region. Since
the changes from the 1990s to the 2000s were remark-
ably larger in magnitude and occur over wide areas, they
likely displayed a stronger and better predictable clima-
tological signal. The previous changes from the 1980s
to the 1990s may have reflected transient oscillations
of limited extent and poorer predictability rather than
longer-lasting trends.
Having checked that the 90th percentiles of all con-
vective parameters are roughly normally distributed, we
performed a t-test to examine the significance of the ob-
served and modeled interdecadal changes. Due to rather
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large interannual variations, none of the interdecadal
changes were significant at the 95 % level. The maxi-
mum magnitude of t-values was a little bit above one
for the interdecadal changes of the convective parame-
ters derived from ERA-Interim, corresponding to a max-
imum significance roughly at the 70 % level over limited
areas. However, significance was considerably lower for
most gridpoints of ERA-Interim, and in particular for the
entire MPI-ESM fields.
As the analyzed changes of p90_CAPE (Figs. 6.e
and 7.e) depended more heavily on the variations of
p90_LLMR (Figs. 6.c and 7.c) than on those of p90_
LARA (Figs. 6.a and 7.a), it is interesting to link the
analyzed and modeled moisture changes to concurrent
temperature changes to find out to which degree they
were temperature-driven. The maximum capacity of air
to hold water vapor is governed by its temperature via
the Clausius-Clapeyron equation: the relative change
of mixing ratio with temperature at which the relative
humidity remains constant is approximately +7.6 %/K
at a temperature of 0 °C, subject to a slight negative
temperature dependence (e.g., it is +9 %/K at −25 °C
and +6 %/K at +40 °C).
Investigating the relative decadal p50_MR925
changes as a function of decadal p50_T925 changes for
all ERA-Interim and MPI-ESM gridpoints on the Eu-
ropean continent (Fig. 8), each of the linear regression
slopes was below the slope following constant relative
humidity. From the 1980s to the 1990s, the slopes of
the regression lines were +2.8 %/K for ERA-Interim and
+3.0 %/K for MPI-ESM. From the 1990s to the 2000s,
they were +3.4 %/K and +1.7 %/K, respectively. A t-test
of regression slopes revealed that each of them was less
steep than the constant relative humidity slope at a 95 %
level of significance. Warmer periods in the past few
decades in Europe were therefore associated with signif-
icantly lower relative humidity, and vice versa. However,
particularly for the lower panel in Fig. 8 (MPI-ESM) the
variance of the residuals is of the size or even larger than
the variance of the regression slope, and thus the useful-
ness of a linear model questionable.
This characteristic was qualitatively well captured
by the MPI-ESM simulations. Its implication on thun-
derstorms is not entirely clear yet. However, it may be
speculated that the associated higher clouds bases and
enhanced subcloud evaporation (Doswell et al., 1996)
could at least partly counteract a potential increase of
heavy convective precipitation, which could otherwise
be expected under a higher water vapor capacity of the
atmosphere (Trapp et al., 2007; Trapp et al., 2009; Dif-
fenbaugh et al., 2013).
4 Conclusions
A three decades’ joint dataset of ERA-Interim re-
analyses and MPI-ESM decadal climate hindcasts
(1981–2010) was evaluated to study the behavior of con-
ditions favorable for thunderstorm formation, expressed
by the 90th percentiles of CAPE (p90_CAPE) and of
its individual components, namely the low-level mixing
ratio (p90_LLMR; chosen at 25 hPa below the surface
pressure) and the vertical temperature gradient between
850 and 500 hPa (p90_LARA). This allows assessing
the strengths and weaknesses of MPI-ESM decadal pre-
dictions as well as finding interdecadal changes in the
frequency of situations conducive to thunderstorm de-
velopment.
The spatial structures of temperature and humid-
ity fields, and derived convective parameters, showed a
good agreement between MPI-ESM and ERA-Interim.
The found spatial distribution of the 90th percentile of
CAPE is in line with previous results of Marsh et al.
(2009), who found the highest frequency of conditions
for thunderstorms over Spain and from northern Italy
into the western Balkan states.
However, the most remarkable result was a strong
negative bias of the median 500 hPa temperature (p50_
T500) in MPI-ESM. This bias is on the order of −1.5
to −2 K across most of Europe. In contrast, no large
bias was found for the median 925 hPa temperature
(p50_T925) and a positive bias on the order of 0.2 g/kg
for the median 925 hPa mixing ratio (p50_MR925).
These biases suggest a systematic departure of the “pre-
ferred” internal model climate from the true atmospheric
state; however, for p50_T500, the bias magnitude was
found to be largest for the first forecast year, which in-
dicates that a considerable part of this particular bias is
likely “imported” from the initial conditions.
The simulation of a too moist lower troposphere
and a too cold mid-troposphere exaggerates the at-
mosphere’s readiness to produce convective storms,
which was also reflected by mostly positive biases of
p90_LARA, p90_LLMR and p90_CAPE. An important
sink of CAPE in a model and the real atmosphere is
the occurrence of deep convection. The high CAPE bias
may be a result of a relative inactivity of MPI-ESM‘s
convective parameterization scheme across Europe. The
unrealistically large reservoirs of CAPE that persist in
the absence of model convection will cause any proxy
that is based on CAPE to overestimate the atmosphere’s
readiness to produce convective storms.
“Low resolution” (LR) and “mixed resolution” (MR)
runs of MPI-ESM, the latter computed at higher resolu-
tions of the oceanic and atmospheric model components,
showed a similar behavior for p50_T500, p50_T925 and
p50_MR925. However, for convective situations repre-
sented by p90_LARA, p90_LLMR and p90_CAPE, the
found biases were even slightly larger in the MR runs,
contrary to the assumption that an increasing resolution
would improve the model’s performance. Although an
increased skill of the higher MR resolution was shown
for the surface air temperature over the tropical Pacific
Ocean (Pohlmann et al., 2013), we find decreased skill
for the mid-tropospheric temperature and derived con-
vective parameters across Europe. Apparently, the accu-
racy of the model physics is a greater source of error
for these parameters than that which would be caused
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Figure 8: Relative decadal changes of p50_MR925 [%] as a function of decadal changes of p50_T925 [K] from 1981–1990 to 1991–2000
(blue) and from 1991–2000 to 2001–2010 (red). Each diamond represents one gridpoint on the European continent. Colored lines are
the best linear regression fits. Relative humidity remains constant along the black lines, which represent a relative p50_MR925 change
of 7.6 %/K, valid for a temperature of 0 °C according to the Clausius-Clapeyron equation. (a.) ERA-Interim reanalyses; (b.) MPI-ESM
hindcasts. MPI-ESM gridpoints are fewer due to its coarser resolution. Note the different scaling of the axes.
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by a reduced resolution. It appears that the accuracy of
physical parameterizations does not keep pace with the
refinement of model resolution from LR to MR.
The present quality of the simulation of thunderstorm
proxies by MPI-ESM makes it difficult to use MPI-ESM
results for estimating the future development of severe
storm events on a decadal basis. For the time being there
are at least two possible solutions, either waiting for
model improvements or applying a bias correction. As
the bias pattern is rather stationary, a linear regression
may suffice to remove biases of MPI-ESM convective
parameters. Naturally the added skill of such a bias
corrected model needs to be carefully demonstrated.
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